We have shown previously that inositol-1,4,5-trisphosphate (IP3) stimulates an efflux of OCa2+ from fusogenic carrot protoplasts (M Rincon, WF Boss [1987] If stimuli are transduced via polyphosphoinositide turnover in plant cells, then the criteria established for the animal paradigm must be met. Specifically, (a) the polyphosphoinositides must be located in the plasma membrane, (b) the enzymes responsible for the synthesis and degradation of polyphosphoinositides must be associated with the plasma membrane, (c) the polyphosphoinositide levels must transiently change upon cellular stimulation, (d) the products from the polyphosphoinositide hydrolysis must transiently increase upon stimulation, (e) a transient increase of free Ca2" in the cytosol must follow the transient increase of IP3. To date, only the first and the second criteria have been documented for several different plant tissues (15, 19, 25, 29) . There are few reports in the literature concerning polyphosphoinositide turnover in plants in response to stimuli. Recently, light-induced polyphosphoinositide turnover in Samanea saman pulvini and auxin-induced polyphosphoinositide turnover in Catharanthus roseus cells have been reported (8, 17) . However, the connection between the time course of the polyphosphoinositide turnover and the elevation of free Ca2+ in the cytosol in response to light or auxin has not been delineated.
with inositol bisphosphate (IP2) and IP3 when separated by anion exchange chromatography. However, we could not detect IP2 or IP3 when the inositol metabolites were analyzed by paper electrophoresis even though the polyphosphoinositides, which are the source of IP2 and IP3, were present in these cells. Thus, [3HJ inositol metabolites other than IP2 and IP3 had coeluted on the anion exchange columns. The data indicate that either IP3 iS rapidly metabolized or that it is not present at a detectable level in the carrot cells.
The turnover of the polyphosphoinositides, PIP3 and PIP2, is part of a signal transduction pathway in many animal cells (9) . Hormones and other stimuli perceived at the plasma membrane activate a phospholipase C, which hydrolyzes PIP2 to IP3 and DAG. DAG activates protein kinase C (18) , and IP3 induces an increase in the concentration of free cytosolic Ca2' by releasing Ca2+ from nonmitochondrial stores, purportedly from the ER (10, 27) . Consequently, Ca2+-regulated enzymic reactions are initiated which lead to physiological responses (e.g. protein phosphorylation, secretion, ion transport, cell division, etc.). IP3 can be metabolized via dephosphorylation to inositol and Pi, or via phosphorylation to form other inositol phosphates (9) . IP2, myo-inositol-1,4-bisphosphate; PIP2, phosphatidylinositol-4,5-bisphosphate; DAG, diacylglycerol; IP, myo-inositol monophosphate; I-2-P, myoinositol-2-monophosphate; IP6, myo-inositol hexaphosphate or phytic acid; I-1-P, myo-inositol-l-monophosphate; PI, phosphatidylinositol; LPIP, lysophosphatidylinositol-4-monophosphate.
If stimuli are transduced via polyphosphoinositide turnover in plant cells, then the criteria established for the animal paradigm must be met. Specifically, (a) the polyphosphoinositides must be located in the plasma membrane, (b) the enzymes responsible for the synthesis and degradation of polyphosphoinositides must be associated with the plasma membrane, (c) the polyphosphoinositide levels must transiently change upon cellular stimulation, (d) the products from the polyphosphoinositide hydrolysis must transiently increase upon stimulation, (e) a transient increase of free Ca2" in the cytosol must follow the transient increase of IP3. To date, only the first and the second criteria have been documented for several different plant tissues (15, 19, 25, 29) . There are few reports in the literature concerning polyphosphoinositide turnover in plants in response to stimuli. Recently, light-induced polyphosphoinositide turnover in Samanea saman pulvini and auxin-induced polyphosphoinositide turnover in Catharanthus roseus cells have been reported (8, 17) . However, the connection between the time course of the polyphosphoinositide turnover and the elevation of free Ca2+ in the cytosol in response to light or auxin has not been delineated.
We have previously demonstrated that exogenous IP3 stimulates a Ca2' efflux from fusogenic carrot (Daucus carota L.) protoplasts (22 
Metabolite Extraction
The carrot cells were collected by filtration on paper. The cells were rinsed with deionized water and 0.8 g were placed into a test tube with 1 mL of ice-cold 10% (w/v) TCA and allowed to stand on ice for 10 min. The extract was centrifuged (l0,OOOg, 4C) for 10 min. The supernatant was collected and passed through a cellulose nitrate filter (pore size = 0.45 ,um). The TCA was removed by H20-saturated ethyl ether washes (9) , the pH of the extract was neutralized with 0.5 N NaOH, and the extract was freeze-dried. 
Anion Exchange Chromatography
The extracts were diluted with 5 to 10 mL deionized H20 and applied onto 1 mL Dowex I-X8 columns (formate form; Sigma Co.) as described by Irvine (9) . The loaded columns were washed with 10 mL of deionized H20. Fractions of approximately 1 mL were collected by sequential elution with 10 mL of: 5 mm sodium tetraborate-60 mm sodium formate, 0.2 M ammonium formate-0. 1 M formic acid, 0.4 M ammonium formate-0. 1 M formic acid, and 1.0 M ammonium formate-0. 1 M formic acid.
Paper Electrophoresis
After lyophilization, the cell extracts were reconstituted with deionized H20 or with 300 ML of a solution containing 0.03% I-2-P, 0.03% IP6, 2 Mug IP3, 4 Ag fructose 1,6-bisphosphate. The reconstituted samples were desalted with Dowex-50 (H+ form). Aliquots of 20 to 90%.
Characterization of Inositol Monophosphate (IP) by Descending Paper Chromatography
After separation of the metabolites by preparative paper electrophoresis, the region corresponding to IP was cut and placed in deionized H20 overnight. The eluate was collected, passed through a cellulose nitrate filter (0.45 Mm) and freezedried. The sample was reconstituted with 100 ML ofdeionized H20. Aliquots of 20 ML were spotted on Whatman chromatography paper and spiked with 0.06 mg 1-1-P and 0.1 mg I-2-P. The chromatogram was developed in a descending manner solvent system of 95% ethanol:1 M ammonium acetate (7:3) for 27.5 h at room temperature.
Pulse-Chase of the myo-lnositol Metabolites
For the pulse chase experiments a modification of the procedure of Ettilinger and Lehle (8) was followed. The fusogenic carrot cells were collected by paper filtration and rinsed with 25 mL of the same medium in which they had grown (conditioned medium). For the pulse treatment, the cells were placed in 4.5 mL conditioned medium (0.3 g/mL) plus [3H]inositol (10 MCi/mL) in a 50 mL conical centrifuge tube. The tube was placed on a rotary shaker at 170 rpm for 3 h at room temperature. At the end of the pulse period, aliquots of the cell suspension (0.2 g per replicate) were removed and placed in precooled tubes (with liquid nitrogen); the cells were collected by centrifugation at 500g for 30 s and the radiolabeled solution was removed; the cells were immediately extracted with TCA as described below. The remaining cells were also collected by centrifugation at room temperature; the radiolabeled solution was removed, and the cells were resuspended in 4.5 mL fresh medium without 2,4-D plus myo-inositol (10 mM) and placed on the shaker for 1 h chase. Aliquots of cell suspension (0.2 g per replicate) were removed and the chase treatment was terminated as described above. The cells were extracted with 1 mL of cold 10% TCA. The extracts were centrifuged at 4°C for 5 min. The TCAsoluble fractions were collected and filtered through a 0.45 ,m cellulose nitrate filter. The TCA was removed with ether, and after neutralization (NaOH) the samples were freezedried. The TCA-extracted [3H]inositol metabolites were separated by paper electrophoresis, the TCA-insoluble fractions were washed and the lipids extracted (8) . The extracted lipids were dried in vacuo, reconstituted with CHC1 3:CH30H (2:1), and spotted as described above. The plates were developed in CHC13:CH30H: 15 N NH40H:H20 (86:76:6:18).
Standards
The migration of the inositol phosphates, phosphoinositides, and other compounds were compared with the migration of authentic standards. myo-Inositol-l-monophosphate, myo-inositol-2-monophosphate, phytic acid, glucuronic acid, glucuronic acid-1-phosphate, PIP, and PIP2 were purchased from Sigma Chemical Co. myo- [ phosphorylated forms of inositol (9) Figure 6 shows a profile of the distribution of the [3H]inositol metabolites extracted from cells that had been pulsed with [3H] inositol for 3 h in conditioned medium and chased with 10 mM inositol in fresh medium in the absence of 2,4-D for 1 h. Note that the peaks emerging at 5 and 23 cm from the origin increased during the chase period; however, IP2 and IP3 were not detected. The cells were pulse labeled with [3HJinositol for 3 h and chase for 1 h in fresh or conditioned medium containing 10 mM inositol at room temperature as described in "Materials and Methods." The lipids were extracted according to Ettlinger and Lehle (8) Fig. 5; 3, 29 ), we were unable to PIP2 in cultured carrot cells (0.05% ofthe total phospholipids) by paper electrophoresis (Fig. 3) (8) , the increase of the radioactivity of IP2 and IP3 due to 2,4-D treatments exceeded the decrease of radioactivity in the PIP plus PIP2. Furthermore, no change in IP was observed. In contrast, in Samanea saman pulvini (17) , the decrease in radiolabeled PIP and PIP2 upon light stimulation (15-30 s) was larger than the increase in the IP2 plus IP3 fractions. These data implied rapid hydrolysis of IP2 and IP3 to IP and inositol. Due to the low radioactivity of the IP3 fraction, the changes in the inositol phosphates were reported as the radioactivity in the IP2 plus IP3 fraction, and it was not clear from these data if there was an activation of PIP2-specific phospholipase C.
The question still remains, is IP3 a second messenger in plant cells? In animal systems, IP3 acts as a second messenger for the mobilization of internal Ca2 , that is, it induces the release of Ca 2 from nonmitochondrial stores, presumably from the ER (10, 27) . Evidence for a role of IP3 as a second messenger in plant cells comes from in vitro and in vivo studies of the effect of IP3 on Ca2" fluxes. IP3 induced a Ca2+ efflux from microsomes isolated from zucchini hypocotyls and from corn coleoptiles (5, 21) and more specifically, from tonoplast vesicles prepared from oat roots (24) . Likewise, IP3 induced release of Ca2+ from intact vacuoles isolated from cultured Acer pseudoplatanus cells (20) . In light of these results, a role for the vacuole in the signal transduction via polyphosphoinositide metabolism in plant cells was proposed (20, 24) . IP3 stimulated a Ca2+ efflux from the densely cytoplasmic, fusogenic carrot cells (M Rinc6n, unpublished results) and from the protoplasts isolated from these cells (22) .
However, IP3 did not stimulate the efflux of Ca2`from nonfusogenic carrot protoplasts even though these cells contained large vacuoles (M Rinc6n, unpublished results). This may be due to either rapid breakdown of IP3 by these cells or to the fact that IP3 did not reach the Ca2+ IP3-sensitive store. IP3 metabolism in the two cell lines is currently under investigation.
Alternatively, it is possible that the controls of polyphosphoinositide metabolism in plant cells are quite different from those in the animal cells. Additional pathways may exist in plant cells such as the formation of lysophosphoinositides (29) , and regulatory roles for the phosphoinositides other than cellular signal transduction may be prevalent.
In summary, we found no evidence for the existence of IP2 or IP3 in the fusogenic carrot cells within the limits of detection of this study. [3H]Inositol metabolites which will coelute with IP2 and IP3 using anion exchange chromatography are prevalent. To substantiate a role for IP2 and IP3 as second messengers in plants, careful identification of these metabolites and delineation of the specific sequence of events leading to their synthesis and metabolism is essential.
